ABSTRACT: Here, we report a new method for multicomponent protein patterning in a microchannel and also a technique for improving immunoaffinity-based circulating tumor cell (CTC) capture by patterning regions of alternating adhesive proteins using the new method. The first of two proteins, antiepithelial cell adhesion molecule (anti-EpCAM), provides the specificity for CTC capture. The second, Eselectin, increases CTC capture under shear. Patterning regions with and without E-selectin allows captured leukocytes, which also bind E-selectin and are unwanted impurities in CTC isolation, to roll a short distance and detach from the capture surface. This reduces leukocyte capture by up to 82%. The patterning is combined with a leukocyte elution step in which a calcium chelating buffer effectively deactivates E-selectin so that leukocytes may be rinsed away 60% more efficiently than with a buffer containing calcium. The alternating patterning of this biomimetic protein combination, used in conjunction with the elution step, reduces capture of leukocytes while maintaining a high tumor cell capture efficiency that is up to 1.9 times higher than the tumor cell capture efficiency of a surface with only anti-EpCAM. The new patterning technique described here does not require mask alignment and can be used to spatially control the immobilization of any two proteins or protein mixtures inside a sealed microfluidic channel. C irculating tumor cells (CTCs) are cells that have dissociated from a tumor site and entered the blood or lymph circulation. Some populations of these cells have the ability to extravasate and colonize distant tissues in a deadly process known as tumor metastasis. Analysis of CTCs can yield a wealth of information, making them highly valuableboth clinically and in basic researchin the effort to combat cancer and the metastatic process.
C irculating tumor cells (CTCs) are cells that have dissociated from a tumor site and entered the blood or lymph circulation. Some populations of these cells have the ability to extravasate and colonize distant tissues in a deadly process known as tumor metastasis. Analysis of CTCs can yield a wealth of information, making them highly valuableboth clinically and in basic researchin the effort to combat cancer and the metastatic process. 1 Methods for CTC isolation and characterization based on their "physical properties, expression of biomarkers, or functional characteristics" have been reviewed by Yu et al. 2 Antibody-based capture is the most common method of CTC isolation and anti-EpCAM is the most commonly employed antibody. This is due to anti-EpCAM's variable but nearly universal expression in carcinoma cells and lack of expression in blood cells. In existing microfluidic devices, capture with anti-EpCAM is limited by shear and the low flow rates that are required for efficient capture. 3 We propose to overcome these limitations with a second capture protein: E-selectin.
E-selectin is an adhesion molecule expressed on endothelial cells. This molecule has evolved specifically to bind cells in blood flow by forming catch bonds, with rapid binding kinetics, with its ligands on leukocytes and CTCs. 4−6 The related Pselectin receptor has been indicated for lateral displacementbased cell separation and analysis under flow. 7, 8 Also, E-selectin has been combined with TNF-related apoptosis inducing ligand in an application to induce apoptosis of CTCs under flow conditions. 9, 10 Both CTCs and leukocytes roll on E-selectin functionalized surfaces under flow. During the immune response, leukocytes experience initial tethering and rolling on E-selectin, followed by firm adhesion to integrins. We mimic this natural process in a microfluidic device by combining E-selectin, for initial tumor cell tethering, with anti-EpCAM for firm adhesion.
In this device, E-selectin pulls cells out of flow and increases the interaction between the cells and anti-EpCAM. Once target cells form initial bonds with E-selectin, the change in Gibbs free energy for anti-EpCAM binding to cell surface EpCAM is decreased (it becomes more negative). This is the result of enthalpic contributions from the decrease in cell velocity and entropic contributions from the cells' partial immobilization on E-selectin. The loss of rotational and translation entropy upon E-selectin binding prepays some of the entropy penalty for the immobilizing anti-EpCAM binding. This decrease in the change in free energy of binding leads to a higher percentage of binding events per contact with the binding surface. We demonstrate here and in previous work 11 that, with the addition of E-selectin to a capture surface, CTCs are captured more efficiently under flow than is possible with anti-EpCAM alone. Hughes et al. later demonstrated that adding E-selectin to an immunoaffinity based device allows tumor cell capture at higher shear rates. 12 Importantly, E-selectin also binds leukocytes. Since blood comprises about 1% leukocytes and as few as 1 CTC per billion hematological cells, it is necessary to minimize leukocyte build up on the surface to prevent interference with CTC capture. This can be achieved by patterning the capture proteins on the surface. In this study, the entire capture surface of the microfluidic device is functionalized with anti-EpCAM, while regions of E-selectin are interspersed between regions without E-selectin. As a result of this configuration, leukocytes roll to the edge of E-selectin regions, where binding destabilization and detachment occur due to a lack of specific interactions to maintain adherence (see Figure 1a) .
After a sample is processed in the capture step, tumor cells are firmly bound to anti-EpCAM and a rinsing step can be executed to remove remaining leukocytes. During rinsing, calcium-dependent E-selectin can be deactivated by removing calcium with an elution buffer. Consequently, the specific interactions with E-selectin are blocked and leukocytes can be more effectively rinsed out of the device while anti-EpCAM binding to tumor cells is unaffected.
The in situ dual protein patterning procedure described below takes advantage of the light permeability of polydimethylsiloxane (PDMS) to pattern alternating proteins inside a permanently bonded microfluidic device. Photopolymerized poly(acrylic acid) (PAA) 13 on channel surfaces is used both as a chemistry for protein attachment (similar to the use of polyacrylamide, as described by Schneider et al. 14 ) and as a protective layer for spatial control of protein immobilization using a second attachment chemistry, a silane backfill.
Several methods for multicomponent protein patterning have been developed recently 15 to meet demands in fields such as biointerface science, biosensing, proteomics, and smart materials. The different methods are based on photolithographic patterning, 16−23 photochemical immobilization, 24−29 or microcontact printing. 7, 30 Each of these methods uses either identical or different attachment chemistries to immobilize different proteins. In this new technique, both proteins are immobilized by amide bond formation between surface carboxyl groups and protein amine groups. The two different attachment chemistries are distinguished only by their requirements for soluble cross-linkers. Therefore, this method can be used to immobilize any two proteins or protein mixtures.
Techniques involving microcontact printing or spin coating are often used in conjugation with pressure-sealed flow chambers to avoid complications arising from plasma bonding (i.e., the deactivation or ablating away of surface treatments). While this allows a wider range of surface modifications, it limits the versatility of the surfaces, in terms of device functionality. Because the entire process is carried out in a sealed channel, the double patterning technique described here can be incorporated into almost any PDMS device, regardless of its complexity or the processing required for assembly.
Photolithographic patterning techniques involve the selective removal or deposition of photoresist to expose or cover reactive chemistries or adsorption surfaces. Proteins can then be immobilized on the exposed surface, while the photoresist acts as a blocking reagent to prevent immobilization on the rest of the surface. Often, the photoresist is then removed to backfill the remaining surface. With the technique described here, PAA is not only a blocking reagent for the silane backfill, but also the base for the other immobilization chemistry. Therefore, this procedure is simplified because there is no photoresist removal step.
In the technique described here, the patterning is carried out after the channel is sealed, but before the proteins are immobilized. This avoids complications such as surfacemodification effects on device bonding, bonding effects on surface modifications, and biomolecule damage from patterning reagents or radiation. Also, because this patterning technique does not require mask alignment, the amount of resources needed to duplicate it is reduced. An additional benefit of this technique is that the reagents are inexpensive, readily available, and commonly used in other CTC isolation devices. 3, 31 This novel patterning process allows the spatially controlled immobilization of two proteins inside a permanently bonded PDMS channel. This process was developed specifically to create microfluidic capture surfaces with contiguous alternating regions of anti-EpCAM protein and anti-EpCAM plus Eselectin protein mixture (aE-ES) that allow optimum tumor cell sequestration with minimum leukocyte capture. 
■ EXPERIMENTAL SECTION
Device Fabrication. Devices were fabricated in PDMS (10:1 elastomer to curing agent ratio) by standard soft lithography techniques. Glass slides were spin-coated with PDMS at 1000 rpm for 1 min. Devices consisted of 10 parallel channels (each with dimensions of 90 μm × 660 μm × 40 mm) with a single inlet and outlet. The devices were plasma bonded to the coated slides with a hand-held corona discharge wand (Model BD-20, Electro-technic Products, Inc., Chicago, IL) immediately before micropatterning.
Micropatterning Alternating Proteins. The immobilization procedure for creating contiguous regions of alternating anti-EpCAM and aE-ES is outlined in Figure 2 . Similar photopolymerization procedures have been used to pattern hydrophilic regions 13 or protein gradients 14 inside a sealed microfluidic channel. However, this new technique combines photopolymerization with silanization backfilling to pattern alternating regions of proteins without the need for mask alignment. Proteins were purchased from R&D Systems (Minneapolis, MN), and all other chemicals were purchased from Sigma−Aldrich (St. Louis, MO).
Surface photopolymerization of acrylic acid was used to define regions on the PDMS channel surfaces in a similar manner as that previously described.
14 First, a benzophenone (BP, ≥99%) photo initiator was absorbed into the PDMS channel surfaces by injecting 10% BP in acetone through the channel for 10 min (swelling due to acetone allows BP to enter the PDMS) (see Figure 2a) . The device was flushed with nitrogen and dried under vacuum for 15 min to remove the residual acetone and oxygen, as oxygen quenches the polymerization reaction. The devices were transferred to a nitrogen environment for 15 min. A solution of 20% acrylic acid monomer (≥99.0%) in water was degassed for 1.5 h to remove dissolved oxygen. Degassed monomer solution was injected into the channels under the nitrogen environment to reduce oxygen diffusion into the PDMS device (see Figure 2a) . The bottom of the device was promptly exposed to 0.5 mW/cm 2 , 375-nm ultraviolet (UV) radiation for 210 s through a photomask (see Figure 2a) . The UV activated the photoinitiator, allowing polymerization to occur at the PDMS surface in the regions defined by the photomask. The device was flushed with water to remove the monomer solution and then flushed with ethanol to remove the BP.
This polymerization reaction was used to create channel surfaces with 1 mm, 600 μm, and 300 μm wide alternating regions of PDMS and PAA, as shown in Figures 1b and 2b . An asymmetric pattern with 1-mm PAA widths and 300-μm PDMS widths was also created. PAA film heights were 0.5−2 μm, as determined using a custom-built interferometer. 32 The PAA regions created by this photopatterning presented carboxyl groups for use in the attachment of the aE-ES ( Figure 2c ) and also blocked those regions from PDMS modification by silanization ( Figure 2b) .
After placing the devices in a vacuum chamber for 30 min to remove oxygen and traces of water, silanization of the remaining exposed PDMS surfaces was carried out in a nitrogen-filled glovebag with the sulfhydryl-functionalized silanization reagent 3-mercaptopropyl trimethoxysilane (MPTMS (95%), 4% v/v in absolute ethanol) (see Figure 2b) .
Next, the PAA surfaces were functionalized by incubation for 2 h in a mixture of anti-EpCAM (10 μg/mL) and E-selectin (3.9 μg/mL) in phosphate-buffered saline without cations (PBS − ) with soluble cross-linker (0.8 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.8 mM Nhydroxysuccinimide (NHS), ≥ 98.5%) (Figure 2c ). Subsequently, 0.01 mM of the amine-to-sulfhydryl cross-linker γ-maleimidobutyryloxy succinimide in ethanol (GMBS, ≥ 98.0%) was attached to the MPTMS (Figure 2d ). Ten (10) μg/mL anti-EpCAM in PBS − was reacted with the GMBS for 2 h (Figure 2e) . Finally, the channel was treated with 1% bovine serum albumin (BSA) to cover any remaining surfaces and block nonspecific interactions between cells and the capture surface. Figure 1c shows fluorescently stained E-selectin and anti-EpCAM patterned on a channel surface using this method.
Protein Immobilization on Nonpatterned Surfaces. Nonpatterned devices were also fabricated using silane-or PAA-based immobilization methods. Silane devices were made using MPTMS silanization reagent and GMBS, as described above, to immobilize anti-EpCAM only (10 μg/mL), an aE-ES protein mixture (10 μg/mL each), or 10 000 MW methyl polyethylene glycol amine (PEG, 50 μg/mL) as a negative control. Nonpatterned PAA devices were made by photopolymerization of acrylic acid, followed by immobilization of proteins using EDC/NHS soluble cross-linker, as described above. Nonpatterned PAA devices included anti-EpCAM only (10 μg/mL), aE-ES (10 μg/mL anti-EpCAM and 3.9 μg/mL Eselectin), and PEG.
Surface Characterization. The protein functionalized surfaces were characterized by immunostaining as described in the Supporting Information.
Flow Experiments. Cell capture experiments were carried out with HL-60 and MCF-7 cells (used as white blood cell and CTC models, respectively) suspended in a phosphate-buffered saline with cations (PBS + ). 3 MCF-7 cells/mL. Cell suspensions were hydrodynamically processed using a syringe pump and tubing that were positioned vertically to reduce the effects of cell settling. 34 A flow rate of 8 μL/min (shear rate of 15 s −1 at the capture surface) was used for all experiments. For exact capture efficiency measurements, all incoming cells were imaged on an inverted microscope with a FITC filter as they entered the device as described previously. 34 The two cell types in the cell mixture suspension were distinguished by size and fluorescent intensity (see Figure S -3 in the Supporting Information). Incoming cells were automatically enumerated through image analysis. For visualization of cell capture, a 100:1 ratio of HL-60 to MCF-7 cells (10 6 and 10 4 cells/mL, respectively) were processed in the device in the same manner as the cell capture experiments.
Channels were functionalized with silane-or PAA-immobilized anti-EpCAM, silane, or PAA-immobilized aE-ES, a pattern of alternating anti-EpCAM and aE-ES with 1 mm, 600 μm, 300 μm, or asymmetric spacing, or PEG as a negative control. For capture efficiency experiments, cell suspensions were injected into the device for 10 min followed by device rinsing for 10 min. A rinse buffer, containing the calcium-specific chelating agent ethylene glycol-bis(2-aminoethylether)-N,N′,N′-tetraacetic acid (EGTA, 5 mM, ≥ 97.0%), and 3 mM MgCl 2 in PBS − at 295 mOsm total, was used to remove leukocytes, without displacing captured tumor cells. After rinsing, the number of captured cells was enumerated and divided by the number of cells that had entered the device to calculate the capture efficiency. Rinsing studies were carried out in a similar fashion, except cells captured on protein-mixture-functionalized surfaces were enumerated before and after rinsing with 295 mOsm PBS + , PBS 
■ RESULTS AND DISCUSSION
Here, we demonstrate a technique for increasing anti-EpCAMbased tumor cell capture using E-selectin, and methods for releasing the additional leukocytes captured by the E-selectin. . The MCF-7 and HL-60 cell retention rates after rinsing with the three different leukocyte elution buffers (plus PBS + as a control) are presented in Figure 3 . The cell retention rate was calculated by taking the number of captured cells remaining after rinsing and dividing by the original number of captured cells counted before rinsing. There were no significant differences (p > 0.05) in carcinoma cell retention on silane aE-ES functionalized surfaces after rinsing with any of the four buffers. These surfaces had 92%−95% retention of the MCF-7 carcinoma cells after the 10 min rinsing period. This is expected, because the carcinoma cells are firmly adherent to anti-EpCAM. Conversely, these same surfaces had a high, 56%, leukocyte retention rate with the PBS + rinse, which dropped significantly to 31%, 19%, and 13% for the PBS − , EGTA, and EGTA plus Mg 2+ buffers, respectively (p < 0.001). The increased rinsing efficiency with the EGTA solution is due to Ca 2+ removal from the glycosylated ligand binding site on the E-selectin (see Figure S -2 in the Supporting Information), which prevents Eselectin binding to leukocyte ligands. The effect of the Mg 2+ is presumably the displacement of the Ca 2+ ion from its binding site in E-selectin, for more complete Ca 2+ removal. 35 A visualization of captured cells before and after rinsing with elution buffer is presented in Figures 1d and 1e . Although the elution buffer is 60% more effective at removing captured leukocytes during the rinsing step, it only rinses away 87% of the leukocytes captured during the sample processing step. For this reason, another method is employed to reduce the number of leukocytes captured during the sample processing step.
The second method for reducing leukocyte capture involves patterning alternating regions with and without E-selectin. On this surface, captured leukocytes may roll a short distance and detach. Flow studies were carried out to test the efficacy of the patterned surfaces over monolithic surfaces. Devices were functionalized with silane-or PAA-immobilized anti-EpCAM, silane-or PAA-immobilized aE-ES, a pattern of alternating silane anti-EpCAM and PAA aE-ES with 1 mm, 600 μm, 300 μm, or asymmetric spacing, and silane-or PAA-immobilized PEG (negative controls). These devices were tested with cell 6 HL-60 and 10 3 MCF-7 cells/mL. In the cell mixture suspensions, the two cell types were stained with two different concentrations of Calcein AM. This allowed them to be distinguished, so both the MCF-7 and HL-60 cell capture efficiencies could be determined for each trial (see Figure S -3 in the Supporting Information). All devices were rinsed with the EGTA/Mg 2+ solution for 10 min after cell suspensions were processed through the devices. Table 1 shows the results of the flow studies. It is organized, first, based on protein immobilization (silane, PAA, or the pattern of alternating silane and PAA), and then by the proteins immobilized by this method (anti-EpCAM or aE-ES) or by the spacing of the pattern sections. The capture efficiencies are reported as the mean ± the standard error. The statistical analysis of the flow study results is summarized in Table S-3 in the Supporting Information.
Carcinoma Cell Capture. The goal of microfluidic immunoaffinity-based CTC isolation is to separate CTCs from other blood components through specific binding to a capture surface. Because of the rarity of CTCs in blood, it is important to achieve a high CTC capture efficiency to limit the amount of patient blood required for CTC detection. Here, we compared the capture efficiencies of the different capture surfaces listed above using MCF-7 cells as a CTC model.
As expected, based on our previous results 11 and the known ability of E-selectin to pull cells out of flow, there was a significant increase in MCF-7 cell capture between the antiEpCAM and aE-ES functionalized surfaces (see Tables S-3c and S-3d in the Supporting Information). Adding E-selectin to the capture surface increased the MCF-7 capture 1.6-fold for the silane surface and 1.7-fold for the PAA surface.
Alternately, there was not a significant difference in the MCF-7 capture efficiencies between the aE-ES-functionalized capture surfaces and any of the pattern-functionalized surfaces, including the pattern surface tested with the cell mixture (see Table S -3f in the Supporting Information). This demonstrates that the patterned capture surfaces were able to increase antiEpCAM based capture as effectively as the aE-ES surface (100% E-selectin coverage), despite having only 50% or 77% of their surface areas functionalized with E-selectin. This indicates a strong effect of E-selectin and possibly a maximum capture rate due to transport limitations in this flat-walled device. Stott et al. reported the use of herringbone mixer structures to improve transport and CTC capture from whole blood in an antiEpCAM-based isolation device. 31 If the patterned surfaces described here are incorporated into a complete CTC isolation system, mixing structures should be included to overcome transport limitations to allow maximum CTC capture efficiency. Because this surface modification technique is based on photopatterning (as opposed to contact-based patterning), the technology is expected to translate well to corrugated surfaces (such as mixer features), as other photopatterning technologies have. 36, 37 The MCF-7 cell capture efficiencies increased up to 1.9 fold between the anti-EpCAM and patterned surfaces (see Tables S3e and S-3g in the Supporting Information). There was a similar result in the cell mixture flow studies. The 300-μm patterned surface had a significant 1.5-fold increase in the MCF-7 cell capture efficiency over the anti-EpCAM surfaces (see Tables S-3h and S-3i in the Supporting Information). There was a small decrease in the anti-EpCAM-based MCF-7 capture efficiency between the homogeneous cell suspensions and the cell mixture suspensions, indicating that a physiological concentration of HL-60 cells may interfere with MCF-7 capture. However, the difference was not statistically significant (see Table S -3a in the Supporting Information), which supports the use of this technique with real biological samples.
The pattern geometry did not appear to have an effect on MCF-7 capture, because there was not a significant difference in MCF-7 capture between any of the patterned surfaces (see Table S -3f in the Supporting Information).
Leukocyte Capture. Leukocytes are the most common hematologic cell impurity captured in CTC isolation. This is because they are the most similar to CTCs, in terms of the physical properties, expression of biomarkers, and functional characteristics that are the basis of CTC separations. 2 Therefore, it is important to study the effects of different surface functionalizations on leukocyte capture. We have done so here using HL-60 cells as a leukocyte model. Fluorescent characterization studies showed that a 3.9 μg/ mL E-selectin treatment of the PAA surface results in approximately the same surface density of E-selectin as a 10 μg/mL E-selectin treatment of the silane surface. This is further supported by the flow studies, where the aE-ES PAA and aE-ES silane surfaces did not have statistically different HL-60 cell capture efficiencies (see Table S -3o in the Supporting Information).
An important feature of E-selectin is its affinity for ligands on leukocytes. The effect of this affinity can be seen in the increase in HL-60 cell capture efficiency that occurs between the antiEpCAM and aE-ES surfaces. The addition of E-selectin to the capture surface resulted in a 4.3-and 4.8-fold increase in HL-60 cell capture efficiency for the silane and PAA surfaces, respectively (see Tables S-3k and S-3l in the Supporting Information). This unwanted increase in HL-60 cell capture can be negated by patterning the two capture proteins on the capture surface. The pattern surfaces were effective at reducing HL-60 cell capture. This is demonstrated by a comparison between the HL-60 cell capture efficiencies of the pattern surfaces with the capture efficiencies of the negative controls. Negative controls include HL-60 cell capture on anti-EpCAM and PEG surfaces, and MCF-7 cell capture on PEG surfaces. There was no significant difference between HL-60 cell capture on the pattern surfaces and the negative control surfaces (see Table S -3j in the Supporting Information). This means that the HL-60 cell capture on patterned surfaces was not higher than the HL-60 cell capture caused by nonspecific electrostatic interactions on the negative control surfaces and it supports the hypothesis that the combination of protein patterning and elution buffer effectively negate the specific interactions between leukocytes and capture surface E-selectin. Zheng et al. 38 demonstrated a technique applying variable shear in the rinsing step to preferentially remove captured nontarget cells. This technique could be used to augment the methods of leukocyte removal discussed in this paper to further reduce nonspecific capture.
Different pattern section widths were tested to study the effect of pattern geometry on cell capture. All patterned surfaces had significantly less HL-60 capture than the aE-ES surfaces (see Tables S-3m and S-3n in the Supporting Information). The most effective was the 300-μm pattern, which had 5.6-fold lower HL-60 cell capture than the aE-ES surface.
Unlike MCF-7 cell capture, HL-60 cell capture was variable for the different pattern geometries. As expected, the asymmetric pattern, which has ∼77% of its surface functionalized with E-selectin, had the highest HL-60 cell capture efficiency of all the patterned surfaces. The symmetric patterns (with 50% surface E-selectin coverage) had lower HL-60 cell capture efficiencies, which decreased with decreasing pattern width. Figure 4 illustrates the effects of E-selectin coverage and pattern dimensions on HL-60 cell capture. In the plot, capture efficiencies are normalized to the capture efficiency of the PAA aE-ES surface (100% E-selectin coverage). The plot shows a decrease in HL-60 cell capture with percent E-selectin coverage. It also shows a decrease in HL-60 cell capture with decreasing pattern width (independent of percent E-selectin coverage).
Although the differences in HL-60 cell capture for the different width symmetric patterns were not significant in this study (see Table S -3j in the Supporting Information), the correlation between pattern width and HL-60 cell capture indicates that the density of surface boundaries may be a factor in leukocyte release efficiency. Surfaces with higher boundary densities may have improved leukocyte removal for two reasons. A shorter rolling distance between the site of HL-60 cell capture and the adjoining anti-EpCAM region could reduce the probability that the cell will reach a localized region of higher E-selectin density and become arrested, before it can be released at the anti-EpCAM boundary. In addition, increasing the number of boundaries increases the space where leukocyte binding is being destabilized and detachment is occurring, leading to more total leukocyte detachment.
The key features of this work are the increase in anti-EpCAM based tumor cell capture efficiency under flow conditions and the minimization of leukocyte capture through protein patterning and Ca 2+ removal. Calcium-free buffer has been suggested for rinsing in E-selectin-functionalized devices. 10 Here, we take that idea further, with the molecular displacement and specific chelating of Ca 2+ with Mg 2+ and EGTA, respectively. Previously, Mg 2+ /EGTA buffers were shown to abolish ligand binding to L-selectin but not P-selectin in affinity columns. 35 Now we have shown that this elution buffer is effective for disrupting leukocyte E-selectin binding in a microfluidic device.
E-selectin has been indicated for in vitro cell binding under flow. 9 Our group has expanded this idea by combining Eselectin with a capture molecule that provides immunospecificity for CTC capture 11 and furthermore described surface patterning and elution methods for utilizing this protein combination while reducing leukocyte buildup on the capture surface.
Anti-EpCAM was co-immobilized with E-selectin in this study as an example of an immunospecific adhesion molecule. Other such molecules could also be coimmobilized with Eselectin for efficient capture of tumor cells with low EpCAM expression. However, note that some CTC-specific capture molecules (such as cadherins) are calcium-dependent and the leukocyte elution step is not compatible with surfaces functionalized with those molecules. Alternately, the elution buffer from this study could be used to recover CTCs captured with those molecules.
Increasing tumor cell capture under flow conditions is an important step toward reducing the shear dependency 12 of immunospecific capture and increasing the throughput of CTC isolation, independent of parallelization. Parallelization will still be required to achieve a sufficient throughput for processing large quantities of blood. However, increasing throughput independent of parallelization will reduce the amount of parallelization required and reduce total costs of device production.
■ CONCLUSIONS
Here, we have reported a new multiprotein patterning technique that creates a surface pattern after a channel has been sealed, but before proteins are immobilized on the substrate, thereby avoiding many common complications associated with the immobilization of sensitive biomolecules. Patterning alternating regions of anti-EpCAM and biomimetic protein mixture provides a way to leverage the increased tumor cell capture efficiency of the protein combination while 
